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A single phase of glassy Co75Ti25 alloy powders was synthesized by high-energy ball
milling the elemental powders at room temperature, using the mechanical alloying
method. The final product of the glassy alloy, which is obtained after ball milling for
86 ks, exhibits soft magnetic properties with polarization and coercivity values of
0.67 T and 2.98 kA/m, respectively. This binary glassy alloy, in which its glass
transition temperature (Tg) lies at a rather high temperature (833 K), transforms into
face-centered-cubic Co3Ti (ordered phase) at 889 K through a single sharp exothermic
reaction with an enthalpy change of crystallization (Hx) of −2.35 kJ/mol. The
supercooled liquid region before crystallization Tx of the synthesized glassy powders
shows an extraordinary high value (56 K) for a metallic binary system. The reduced
glass transition temperature [ratio between Tg and liquidus temperatures, Tl (Tg/Tl)]
was 0.56. We also demonstrated postannealing experiments of the mechanically
deformed Co/Ti multilayered composite powders. The results show that annealing of
the powders at 710 K leads to the formation of a glassy phase (thermally enhanced
glass formation reaction). Its heat formation was measured directly and found to be
−0.56 kJ/mol. The similarity in the crystallization and magnetization behaviors between
the two classes of as-annealed and as-mechanically alloyed glassy powders implies the
formation of the same glassy phase.
I. INTRODUCTION
Over the past three decades, mechanically alloying
(MA),1 using the ball-milling and/or rod-milling2 tech-
niques has been employed for preparing several ad-
vanced engineering materials at room temperature.3–5
Among these useful materials, metallic glassy alloys,
with their unique short-range atomic order, have attracted
many MA scientists6–9 due to the desirable properties
that make them pioneering materials for several indus-
trial applications.10–13 The worldwide interest in metallic
glassy materials, which represent the ultimate state of
solid metastability, has been sustained to a great degree
by the clear benefits seen in the use of them in a number
of application areas. Since the pioneering investigation of
Koch et al.,1 numerous numbers of amorphous alloys and
metallic glasses were fabricated by the MA method.14–23
Accordingly, the term MA is becoming increasingly
common in both metal science and glass science.
In recent years, metallic glassy soft magnetic materials
(see for example Refs. 24–27) have received much at-
tention due to their unique properties and their promising
applications. These materials offer the opportunity to de-
crease transformer core losses. In particular, a large elas-
tic flexibility guarantees excellent insensitivity with
respect to plastic deformations and a small electrical con-
ductivity reduces the eddy-current losses. Co-based
glassy/amorphous alloys, with their non-magnetorestrictive,
possess excellent soft magnetic properties that favor
them as core and sensor materials for inductive applica-
tions. Binary Co–Ti glassy alloys, which do not show
any deep eutectic compositions in the equilibrium phase
diagram,28 have not received much attention because of
the difficulties of preparation by the conventional melt-
spinning method. The only report for the formation of an
ordinary amorphous Co78Ti22 alloy by the way of rapid
solidification from the molten metallic alloy was pub-
lished by Inoue et al. in 1980.29
In this study, we have employed the ball-milling tech-
nique for fabrication of single glassy Co75Ti25 alloy pow-
ders, using the MA method. The effect of annealing on
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the structure and stability of the multilayered Co/Ti com-
posite powders, which are obtained during the early stage
of milling, has been studied. For the purpose of this
work, x-ray diffraction (XRD), scanning and transmis-
sion electron microscopy (SEM and TEM), vibrating-
sample magnetometer (VSM), differential scanning
calorimetry (DSC), and differential thermal analysis
(DTA) have been employed to monitor the effect of MA
time on the structural changes and the thermal stabilities
of the fabricated glassy alloy powders.
II. EXPERIMENTAL
Pure elemental powders (99.9% or better) of Co
(25 m) and Ti (50 m) were used as the starting reac-
tant materials of MA. The powders were first balanced to
give the nominal composition of Co75Ti25 (at.%), mixed,
charged into tempered chrome steel vials (250 ml in vol-
ume), and then sealed together with 50 tempered chrome
steel balls (10 mm in diameter) in an argon atmosphere
glovebox. The ball-to-powder weight ratio was main-
tained as 14:1. The MA experiments were performed in
a planetary ball mill (Fritsch P5) at a rotation speed of
2.1 s−1. To avoid an increase in the vial temperature, the
milling procedure was periodically interrupted every
1.8 ks and then halted for 3.6 ks under a continuous flow
of air. The later process was necessary to eliminate the
buildup of unprocessed powder deposits at dead or aban-
doned spots inside the vials. The ball milling was stopped
after selected milling times (1.8, 3.6, 7.2, 11, 22, 30, 43,
54, 65, 70, and 86 ks), and a small amount (about
500 mg) of the MA samples was taken from the vials in
the glovebox. The as-milled samples were characterized
by means of XRD employing CuK radiation, high-
resolution transmission electron microscopy (HRTEM)
using a 300-kV field emission microscope, SEM using a
15-kV field emission electron microscope, DSC, and
DTA at a constant heating rate of 0.67 K/s and under
flow of a purified argon gas (99.999 wt%). The polari-
zation (Js) of the ball-milled powders was measured at
room temperature, using a VSM with a maximum ap-
plied magnetic field of 670 kA/m. The coercive force
was measured with a B–H loop tracer. Energy dispersive
spectroscopy (EDS), using an electron beam of approxi-
mately 5 nm, has been used for analyzing the concentra-
tion of the alloying elements and the degree of Fe
contamination in the milled powders. In addition, the
oxygen content was determined by the helium carrier
fusion thermal conductivity method. The iron and oxy-
gen contamination contents in the final product (86 ks) of
MA powders are 0.14 and 0.60 wt%, respectively. An-
nealing the multilayered composite MA powders was
performed at the desired temperatures in well-sealed
DSC Al cells under continuous flow (2.5 ml s−1) of pu-
rified argon flow. As soon as the annealing procedure
was achieved, the DSC was rapidly cooled and the
samples were subsequently removed from the DSC heat-
ing chamber. The as-annealed samples were structurally
analyzed by means of XRD, HRTEM/EDS, and VSM
techniques. The SEM/EDS technique was employed to
observe the metallographical and compositional changes
of the as-annealed MA particles.
III. RESULTS
A. Structural changes with the MA time
The XRD patterns of as-milled Co75Ti25 powders are
shown in Fig. 1 after selected MA times. In contrast to
the powders of the early stage of MA (0 to 7.2 ks), which
are a mixture of polycrystalline hexagonally close-
packed (hcp)-Co and hcp-Ti [Figs. 1(a) and (b)], a broad
diffuse and smooth halo appears after 32 ks of MA time
[Fig. 1(c)], indicating the formation of an amorphous
phase. This amorphous phase does not transform to any
other metastable/stable phases even after longer MA time
(86 ks), as displayed in Fig. 1(d).
The bright-field images (BFIs) of the powders at the
early stage of milling are shown in Fig. 2. After a few
kiloseconds of MA time (1.8 ks), the metallic Co and Ti
FIG. 1. XRD patterns of mechanically alloyed Co75Ti25 powders after
(a) 0 ks, (b) 7.2 ks, (c) 32 ks, and (d) 86 ks of ball-milling time.
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powders tend to agglomerate and form large-grain com-
posite powders [Fig. 2(a)]. These agglomerated particles
are continuously subjected to impact and shear forces
upon increasing the MA time. The existence of numerous
faults with grain boundary fringes and heavy dislocations
in the boundary is the general feature for the sample,
which was ball-milled for 7.2 ks [Fig. 2(b)].
The image of a HRTEM of the sample that was ball-
milled for 86 ks is shown together with the correspond-
ing selected area diffraction pattern in Fig. 3. The image
shows maze pattern contrast [Fig. 3(a)] with a typical
halo diffraction of an amorphous [Fig. 3(b)].
To assess the distribution of the alloying elements (Co
and Ti) in the powders of the final product (86 ks),
the local composition and the degree of homogeneity of the
ball-milled sample have been examined by the HRTEM/
EDS technique. Some selected examined regions for this
sample are indexed in Fig. 3(a), and the corresponding
EDS analyses are listed in the table that is placed in
Fig. 3. Obviously, the compositions do not fluctuate
drastically from region to region and the constituent el-
ements of Co and Ti are almost uniformly distributed in
the powders, being very closed to the starting nominal
composition of Co75Ti25.
B. Magnetic measurements
Since the magnetization is sensitive to the structure,
the magnetic properties of mechanically alloyed
Co75Ti25 powders are considered as powerful tools to
monitor the phase transformations during the several
stages of ball milling. The typical hysteresis B–H loops
of some selected ball-milled Co75Ti25 alloy powders af-
ter different MA times are shown together in Fig. 4. Ob-
viously, increasing the MA time leads to remarkable
changes in the hysteresis B–H loops of the samples at the
different stages of ball milling. In spite of the samples at
the starting (0 ks) and early (7.2 ks) stages of ball-
milling, which show rather high values of polarization
(Js) and coercive force (Hc), the sample at the interme-
diate (32 ks) stage possesses lower values. It is worth
noting that the final product (86 ks), which is a single
amorphous phase, exhibits a typical soft magnetic-type
hysteresis loop (solid line in Fig. 4). The Js and Hc of this
end product are 0.64 T and 2.98 kA/m, respectively.
The Js of the ball-milled Co75Ti25 powders is plotted
as a function of the MA time in Fig. 5. The rapid de-
crease in the value of Js during the early and intermediate
stage of milling (0 to 43 ks) indicates a drastic decreasing
of pure Co particles in the mixture of Co75Ti25 powders
and the formation of an amorphous phase. After 54 ks of
MA time, it decreases down to 0.67 T, indicating a con-
tinuous progress of the solid-state reaction between the
diffusion couples of Co and Ti. Toward the end of
the MA time (65 to 86 ks), Js is almost saturated at a
value of 0.64 T, suggesting the completion of the me-
chanically induced solid-state reaction and the formation
of a single phase.
C. Thermal stability
Figure 6 displays the typical DSC scan of ball-milled
Co75Ti25 powders at the early stage of MA (11 ks). The
scan reveals three separated reactions that take place at
FIG. 2. BFI of mechanically alloyed Co75Ti25 powders after (a) 1.8 ks
and (b) 7.2 ks of the ball-milling time.
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661 K (peak temperature of the first broad exothermic
reaction), 765 K (onset temperature of the endo-
thermic reaction), and 832 K (onset temperature of the
second sharp exothermic reaction). We should emphasize
that the first exothermic peak results from a temporary
reaction and completely disappeared during the second
heating run of a sample, which was previously annealed
at 710 K. Contrary to this low-temperature reaction, the
last two peaks remained during the second DSC scan.
This low-temperature peak does not appear anymore in
the DSC scans of the samples at the intermediate (22 to
43 ks) and final (65 to 86 ks) stages of MA, as shown in
Fig. 7. Surprisingly, the endothermic reaction, which is
clearly visible in the DSC scan (Fig. 6), disappears dur-
ing the intermediate stage of the MA processing time
[Figs. 7(a) and 7(b)]. Moreover, the second exothermic
reaction, which takes place sharply in the DSC run of the
11 ks sample (Fig. 6), tends to be broadened with re-
markable shift to the high-temperature side (857 K) upon
MA for 22 ks [Fig. 7(a)]. The x-ray examination of the
sample which was heated to 993 K [above the exother-
mic reaction in Fig. 7(a)] shows the existence of three
phases; the first is an fcc-Co3Ti (equilibrium phase), and
the second and third phases belong to the unprocessed Co
FIG. 3. (a) HRTEM and (b) the corresponding SADP of the final product (86 ks) of mechanically alloyed Co75Ti25 powders. The EDS analyses
of some selected regions are listed in a table inset of the figure.
FIG. 4. Hysteresis B–H loops of as-mechanically alloyed Co75Ti25
powders after (a) 0 ks, (b) 7.2 ks, (c) 32 ks, and (d) 86 ks of the
ball-milling time.
FIG. 5. Effect of the ball-milling time on the saturated polarization of
mechanically alloyed Co75Ti25 powders.
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and Ti powders. Thus, we can conclude that the exo-
thermic reaction, which appears in Fig. 7(a), belongs
to the crystallization of the obtained amorphous Co75Ti25
phase. This crystallization reaction, however, becomes
rather pronounced after 43 ks of MA time [Fig. 7(b)]
and maintains its tendency for shifting to a higher crys-
tallization temperature (Tx) side (876 K). The endo-
thermic reaction that is corresponding to the glass
transition temperature, Tg, appears at 833 K after 65 ks
of MA time [Figs. 7(c)] and becomes more visible upon
ball-milling for 86 ks, when the crystallization reac-
tion becomes very sharp [Fig. 7(d)]. It is worth men-
tioning that the supercooled liquid region before
crystallization, Tx (Tx  Tx − Tg) of the end product
(86 ks) exhibits an extraordinary wide value (57 K) for a
binary metallic glassy alloy. The Tg was confirmed by
heating the samples to a temperature just above Tg and
then cooled to about 320 K. Then, second and third heat-
ing runs were performed to confirm the reproducibility of
the Tg and to establish a base line. The Tg always appears
at the same temperature (832.8 to 833.2 K) for all the
three heating runs.
We shall return again to the scan in Fig. 6, with its
puzzling low-temperature exothermic peak and thermal
stability. To explore and interpret the roots of the fully
separated exothermic reactions, three separated samples
(denoted as I, II, and III), which had been originally
ball-milled for 11 ks, were independently heated to the
desired temperatures for several investigations. The SEM
micrographs and their corresponding elemental (Co and
Ti) dot mappings of polished and etched annealed pow-
der are shown together in Fig. 8. The sample heated to
473 K (far below the first exothermic peak) reveals an
intimate layered structure of the diffusion couples of Co
and Ti, as presented in Fig. 8(a). Obviously, the elemen-
tal thin veins (varying from 1 to 7 m in width) of Ti
powders [Fig. 8(b)] are segregated in a good orientation
to the Co matrix [Fig. 8(c)] with no indication of the
formation of any single phase [Figs. 8(a)–8(c)].
The XRD pattern of this sample reveals sharp Bragg-
peak reflections that correspond to elemental Co and Ti
crystals, with no indication of the existence of a glassy
phase [Fig. 9(a)]. In addition, its hysteresis B–H loop
[Fig. 10(a)]shows rather high values of Js and Hc, being
very close to those values for the powders at the early
stage of MA [see Figs. 4(a) and 4(b)], implying the ab-
sence of any glassy phase.
The lamellae that are shown in Fig. 8(a) disappeared
[Fig. 8(d)] upon annealing the ball-milled powders at
higher temperature (710 K) so that both elemental Co
and Ti are uniformly distributed in the whole matrix
[Figs. 8(e) and 8(f)]. This indicates the formation of a
single phase. The XRD pattern of this sample that was
FIG. 6. Typical DSC curve of as-mechanically alloyed Co75Ti25 pow-
ders for 11 ks of the ball-milling time. Points I, II, and III refer to the
samples that are taken for XRD, VSM, and TEM/EDS investigations
(see Figs. 8–11). Whereas TTEGFR is the peak temperature of the
amorphization peak, Tg and Tx are the onset temperatures of glass
transition and crystallization temperatures, respectively.
FIG. 7. DSC thermograms of mechanically alloyed Co75Ti25 pow-
ders after (a) 22 ks, (b) 43 ks, (c) 65 ks, and (d) 86 ks of the ball-
milling time.
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taken after the completion of the first exothermic reac-
tion (Fig. 6) reveals a typical halo-diffuse pattern of an
amorphous phase [Fig. 9(b)]. In addition, it hysteresis
B–H loop [Fig. 10(b)] shows lower values (in compari-
son with sample I) of Js (0.68 T) and Hc (3.13 kA/m),
being a little bit higher than those values of the glassy
Co75Ti25 sample which is obtained after 86 ks of MA
time [see Fig. 4(d)]. This may be attributed to the
existence of unreacted elemental Co fine grains in
the as-annealed sample. The local compositional analy-
sis of this annealed sample has been examined by the
HRTEM/EDS technique. Aside from the maze contrast
of the HRTEM [Fig. 11(a)] and its correlated halo-
diffuse selected-area diffraction pattern [Fig. 11(b)] of an
amorphous phase, the compositions of some selected re-
gions (see the table in Fig. 11) have close values with
an average composition of Co74.6Ti25.4, being very
closed to the starting nominal composition.
The XRD pattern of the sample that was heated to
993 K (sample III in Fig. 6) reveals an fcc structure with
a lattice parameter (a0) of 0.36175 nm, being in a good
agreement with the reported value of the ordered phase of
fcc-Co3Ti.30 Furthermore, the hysteresis B–H loop
[Fig. 10(c)] does not imply any soft magnetic properties,
with a low value of Js (0.23 T).
In addition to the above analyses, the melting (Tm) and
liquidus (Tl) temperatures of the as-annealed sample at
710 K have been examined, using the DTA technique.
The typical DTA curve of the annealed sample is placed
in Fig. 12(a) together with the DTA scan of the glassy
powders that were obtained after 86 ks of MA time
[Fig. 12(b)]. The curve a shows a single endothermic
reaction which starts at 1425 K (Tm) and ends at 1480 K
(Tl), in excellent agreement with the reported values
of fcc-Co3Ti.28 These values are very close with those of
the final product [1431 and 1476 K, respectively;
Fig. 12(b)]; however, the Tg/Tl value of as-annealed
sample (0.52) is rather lower than that one of the final
product (0.56). Therefore, it can be concluded that when
pure multilayered Co75Ti25 composite particles are sub-
jected to isothermal annealing at 710 K for 1.8 ks, a
solid-state diffusion reaction is taking place and a glassy
phase is yielded. We shall call this process a thermally
enhanced glass formation reaction (TEGFR).
FIG. 8. (a) SEM micrograph and the corresponding elemental dot
mapping of (b) Co and (c) Ti of mechanically alloyed Co75Ti25 pow-
ders after 11 ks of the ball-milling time. The SEM micrograph and its
corresponding elemental dot mapping for the sample, which was an-
nealed at 710 K after ball milling for 11 ks, are shown in (d)–(f).
FIG. 9. XRD patterns of previously mechanically alloyed Co75Ti25
powders for 11 ks and then heated to (a) 473 K, (b) 710 K, and (c) 993
K (see Fig. 6).
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The thermal stability of mechanically alloyed Co75Ti25
powders, indexed by the Tg, and crystallization tempera-
ture, Tx are presented together as a function of the MA
time in Fig. 13. In the figure, the TTEGFR (peak tempera-
ture of the low exothermic temperature reaction in
Fig. 6), which takes place during the early stage of mill-
ing, is independent of the MA time and disappears after
11 ks of the MA time. At this early stage of milling, Tg
appears at a temperature range of 760 to 766 K and sur-
prisingly disappeared as soon as TTEGFR disappears. The
Tx of the glassy phase that obtained at the early stage of
milling slightly changes with increasing MA time. It,
however, changes dramatically during the intermediate
stage, indicating continuous compositional changes of
the mechanically alloyed powders. At the end of the final
stage of milling (65 to 86 ks), Tx tends to get a saturated
value of 889 K, implying the completion of the mechani-
cally induced glass formation reaction (MIGFR) and the
formation of a single homogeneous phase. Moreover, Tg,
which disappeared during the intermediate and the mid-
parts of the final stages of milling, appears during the end
of this final stage (76 to 86 ks). Tx of the glassy phase
that was obtained at the final stage of milling has a rather
large value of 56 K. This value is rather lower than that
of the glassy phase, which is obtained by annealing the
powders of the early stage of milling (63 K). This may be
attributed to introducing oxygen and iron contaminations
to the powders (0.14 and 0.60 wt%, respectively) upon
longer ball milling (86 ks).
The enthalpy change of glass formation via TEGFR
(HTEGFR) and enthalpy change of crystallization (Hx)
are presented in Fig. 14 as a function of the MA time.
HTEGFR values were directly measured from the area
under the low-temperature exothermic reaction during
DSC measurements of the powders at the early stage of
milling (see Fig. 6). HTEGFR monotonically decreases
during the first few kiloseconds at the early stage of
milling and approaches a minimum value of −0.56 kJ/
mol after 11 ks of MA time. It, however, tends to disap-
pear upon further MA time and completely vanished
after 22 ks of MA time (Fig. 14). During the early stage
of MA (0 to 11 ks) the Hx does not change with
changing MA time, and its values vary from −1.23 to
−1.37 kJ/mol. It however, drastically decreased to −1.886
to −2.187 kJ/mol upon further ball-milling time (11 to
43 ks), indicating an increase in the volume fraction of
the formed glassy phase.
IV. DISCUSSION
In contrast to the Co–Zr binary system, with its several
deep eutectic compositions31 which allow a wide glass-
forming ability [see for example Ref. 32), the formation
FIG. 11. (a) HRTEM and (b) the correlated SADP of previously mechanically alloyed Co75Ti25 powders for 11 ks and then heated to 710 K. The
corresponding EDS analyses are listed in a table inside the figure.
FIG. 10. Hysteresis B–H loops of previously mechanically alloyed
Co75Ti25 powders for 11 ks and then heated to (a) 473 K, (b) 710 K,
and (c) 993 K (see Fig. 6).
M.S. El-Eskandarany et al.: Mechanically induced solid-state reaction for synthesizing glassy Co75Ti25 soft magnet alloy powders
J. Mater. Res., Vol. 17, No. 9, Sep 2002 2453
of a glassy phase in the Co–Ti binary system has never,
so far as we know, been reported in this system. This can
be understood by looking at the phase diagram of this
system, which does not show any deep eutectic compo-
sitions.28 The first try for preparing an ordinary amor-
phous phase of Co78Ti22 alloy was demonstrated by
Inoue et al.28 when they reported the possibility of for-
mation of an amorphous phase in a very narrow range
(between 21 and 23 at.% Ti), using a melt-spinning
method. This study confirms that a solid-state amor-
phization reaction takes place upon high-energy ball-
milling of Co75Ti25 elemental powders under an argon
gas atmosphere at room temperature. Either TEGFR or
MIGFR processes, using the ball-milling technique, syn-
thesized glassy Co75Ti25 powders. When the elemental
Co75Ti25 powders are mechanically alloyed for a short
MA time (1.8 to 3.6 ks), almost all the initial Co and Ti
powders are agglomerated to form large composite par-
ticles, which contain large grains of the reactant materials
[see Fig. 2(a)]. Further milling time (3.6 to 11 ks) leads
to disintegrate these agglomerated powders and refine
their “lamella” so that the number of layers/individual
particle and their interfaces are monotonically increased.
Such continuous intensive impact and shear forces that
are generated by the milling tools (balls) create clean
well-developed multilayered Co/Ti composite particles
typical of sputtered or evaporated diffusion couples.33–35
During the DSC experiments of these multilayered pow-
ders, two clear separate exothermic peaks appear
(Fig. 6). The first exothermic reaction that appears at
661 K takes place due to a solid-state reaction between
the thin elemental layers of Co and Ti [Fig. 8(a)], and this
leads to the formation of a homogeneous [Figs. 8(e) and
8(f)] glassy phase [Figs. 9(b) and 11] with a composition
closed to the starting nominal composition (see the EDS
FIG. 12. DTA curves of (a) as mechanically alloyed Co75Ti25 pow-
ders for 11 ks and then heated to 710 K and (b) as mechanically
alloyed Co75Ti25 powders for 86 ks. Tm is the melting temperature,
whereas Tl is the liquidus temperature.
FIG. 13. Dependence of the TTEGFR (), Tg (), and Tx () on the
MA time during ball-milling a mixture of Co75Ti25 powders.
TxTEGFR and TxMIGFR refer to the supercooled liquid region
(Tx Tx − Tg) of the glassy phase that is formed by way of TEGFR
and MIGFR processes, respectively.
FIG. 14. Dependence of TTEGFR () and HTEGFR () on the MA
time during ball-milling a mixture of Co75Ti25 powders.
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analytical results in Fig. 11). The formation of a glassy
phase via postannealing mechanically alloyed powders is
not unique for the Co–Ti binary system. It has been re-
cently shown by El-Eskandarany and Inoue36 that a
glassy phase of Cu33Zr67 alloy powders can be also ob-
tained by isothermal annealing the multilayered compos-
ite powders at the early and intermediate stages of
milling. Such a phenomenon was also reported for some
mechanically alloyed metallic powders (see for example
Refs. 15, 17, and 22). Indeed, postannealing the compos-
ite powder particles enhances the solid-state diffusion
between the diffusion couples and this leads to a speed-
ing up the rate of diffusion at the clean Co/Ti boundaries.
Thus, the free energy changes drastically from a non-
stable (the starting reactant materials) to a more stable
phase (glass). For a successful TEGFR, the applied an-
nealing temperature must be well below the temperatures
that suppress the nucleation and growth of the equilib-
rium phase, i.e., crystallization temperature. The remark-
able decrease in the polarization of as-annealed powders
[Fig. 9(b)] suggests the completion of the solid-state re-
action and the decrease of Co-free atoms in the compos-
ite powders upon annealing at 710 K.
In the MIGFR process, the solid-state reaction takes
place in the same manner as occurs in the TEGFR proc-
ess, except with a lower diffusion rate and a longer MA
time [Figs. 1(c) and 1(d)]. This is attributed to the milling
temperature that is assumed to be far below than in
TEGFR (710 K). In the initial milling stage, crystalline
elemental powders are mechanically crushed and fresh
surfaces are highly created. Kneading of such ground
powders enhances the atomic diffusion of elemental at-
oms and step-by-step local alloying.23 Thus, the interdif-
fusion between Co and Ti layers occurs slowly. Because
MA introduces many vacancies, lattice defects, grain
boundaries, and surfaces, the ball-milled powders store a
large amount of mechanical-strain energy.37,38 Increas-
ing the MA time during the intermediate stage of milling
leads to continuous movements of the milling media
which lead to an excess of the lattice imperfections that
assist the diffusion between the Co–Ti diffusion couple,
which have already a negative heat of mixing (−30 kJ/
mol39). In the milling process, friction between balls and
balls and the lining surface of a vial generates frictional
heat. As a result of the balls’ motion and their collisions,
the interdiffusion in the multilayered powders is en-
hanced. In fact, such heat not only accelerates diffusion
of constitutional atoms of the powder mixture but also
contributes to thermal annealing of the unprocessed mul-
tilayered composite powders, which may remain in the
mixture.
In contrast to the crystallization process of melt-spun
Co78Ti22 taking place through two steps,29 the as-
mechanically alloyed Co75Ti25 transforms into the
equilibrium phase of fcc-Co3Ti through a single sharp
exothermic reaction [Fig. 7(d)]. This is attributed to the
high capability of the mechanically-induced solid-state
reaction to homogenize the powders at the atomic scale
during the different stages and to overcome the precipi-
tation of any short- or medium-range order in the glassy
matrix. The formed glassy phase at the last stage of mill-
ing is homogeneous, indicated by the near values of Bs,
Tg, Tx, and Hx of the powders (Figs. 5, 13, and 14). In
addition, the EDS analyses for the final product of the
glassy powders have not shown any significant concen-
tration gradients or compositional fluctuations, indicating
that the obtained glassy phases are uniform and homo-
geneous at the atomic scale.
V. CONCLUSIONS
High-energy ball-milling has been employed for fab-
rication of a single phase of glassy Co75Ti25 alloy pow-
ders at room temperature. During the early and
intermediate stages of milling, postannealing of the me-
chanically deformed Co/Ti multilayered composite pow-
ders at 710 K leads to the formation of a glassy phase
(TEGFR). The heat of glassy phase formation was di-
rectly measured and found to be −0.56 kJ/mol. When the
elemental mixed powders are milled for a longer MA
time (22 to 86 ks), the glass formation reaction is taking
place due to mechanically-induced solid-state reaction.
The final product, which is obtained after ball-milling for
86 ks, exhibits soft magnetic properties with polarization
and coercivity values of 0.67 T and 2.98 kA/m, respec-
tively. In addition, the glass transition temperature (Tg)
takes place at a rather high temperature (833 K). This
glassy alloy exhibits an extraordinarily high value of su-
percooled liquid region before crystallization, Tx
(56 K). The glassy powders obtained after 86 ks of MA
time, crystallize through a single sharp exothermic reac-
tion to the equilibrium phase of fcc-Co3Ti upon heating
to 889 K. The enthalpy change of crystallization (Hx)
and the reduced glass transition temperature (Tg/Tl) are
−2.35 kJ/mol and 0.56, respectively.
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